Drosophila melanogaster express nine p24 genes, grouped into four subfamilies. Based upon our mRNA and protein expression data, Drosophila p24 family members are expressed in a variety of tissues. To identify functions for particular Drosophila p24 proteins, we used RNA interference (RNAi) to reduce p24 expression. Ubiquitous reduction of most p24 genes resulted in complete or partial lethality during development. We found that reducing p24 levels in adults caused defects in female fecundity (egg laying) and also reduced male fertility. We attributed reduced female fecundity to decreased neural p24 expression. These results provide the first genetic analysis of all p24 family members in a multicellular animal and indicate vital roles for Drosophila p24s in development and reproduction, implicating neural expression of p24s in the regulation of female behavior.
Introduction
Members of the p24 protein family are present in numerous organisms, ranging from single-celled eukaryotes to plants and mammals. p24 proteins are largely localized to transport vesicles at the ER-Golgi interface (Belden and Barlowe, 1996; Bell et al., 2001; Dominguez et al., 1998; Elrod-Erickson and Kaiser, 1996; Gommel et al., 1999; Jenne et al., 2002; Kadota et al., 1997; Kuehn et al., 1998; Muñ iz et al., 2000; Rojo et al., 1997; Schimmö ller et al., 1995; Sohn et al., 1996; Stamnes et al., 1995) . These transmembrane proteins are integrated in vesicles coated with COPI-and CO-PII-coat protein complexes, which transport cargo within and between the ER and Golgi membranes (Carney and Bowen, 2004; ). p24 proteins also localize to membranes of other organelles, including peroxisomes (Marelli et al., 2004) and secretory granules (Hosaka et al., 2007; Zhang and Volchuk, 2010) , as well as to the plasma membrane (Blum and Lepier, 2008) .
There are eleven p24 genes in Arabidopsis (Langhans et al., 2008) , eight in Saccharomyces cerevisiae (Belden and Barlowe, 1996) , nine in Drosophila melanogaster (Carney and Bowen, 2004) , 10 in Xenopus (Rotter et al., 2002) and 10 in mammals (Dominguez et al., 1998; Sohn et al., 1996) . p24 proteins are grouped into four subfamilies based upon amino acid sequence homology. In Drosophila, ECLAIR (ECA) and 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.04.002 p24-related-2 (p24-2) belong to the a subfamily. CHOp24 and CH9308 are members of the b subfamily, while the c group is comprised of p24-1, LOGJAM (LOJ), CG9053 and CG31787. The last subfamily, d, contains a single protein called BAISER (BAI) . Phylogenetic analyses of the various p24 family members revealed that the p24a and p24d subfamilies are more closely related to each other as are the p24b and p24c subfamilies (Carney and Bowen, 2004) . Most p24 proteins share similar motifs and topology: an N-terminal GOLD (Golgi dynamics) domain that extends into the vesicle lumen, a second luminal region containing heptad repeats of hydrophobic amino acids which form a coiled-coil domain, a vesicle membrane-spanning region, and an approximately 12-18 amino acid C-terminus that extends into the cell cytoplasm (Carney and Bowen, 2004) . One notable exception is Drosophila p24-2 (formerly known as CG33105), which has an extended cytoplasmic region that is approximately 21-28 amino acids longer than that of other p24s (Boltz et al., 2007) .
The GOLD domain is predicted to mediate interactions among diverse p24 proteins (Anantharaman and Aravind, 2002) and may function as a cargo binding site (Stamnes et al., 1995) . The putative coiled-coil region of the p24 proteins allows intermolecular interactions between closely related p24 proteins as well as between members of different subfamilies, suggesting the possibility that these proteins function in heteromeric complexes (Fü llekrug et al., 1999; Jenne et al., 2002; Marzioch et al., 1999) . This hypothesis is supported by mRNA and protein (current study) expression of p24 family members in the same tissues during different developmental stages (Boltz et al., 2007) . Further evidence of protein complexes containing more than one p24 protein comes from experiments in mammalian cells or yeast where reducing levels of a single p24 decreased expression of other endogenous p24s (Belden and Barlowe, 1996; Denzel et al., 2000; Marzioch et al., 1999; Vetrivel et al., 2007) . For example, yeast lacking emp24 (the p24b gene) also reduced levels of Erv25p (p24d protein) (Belden and Barlowe, 1996) . Another study suggests that p24s function as monomers or dimers (Jenne et al., 2002) . Although the issue has not been satisfactorily resolved, it appears that p24s are capable of multiple types of interactions that may depend upon tissue or functional context.
Despite a variety of studies investigating p24 protein trafficking functions, the exact cellular role of these molecules remains unclear (Carney and Bowen, 2004; ). One possibility is that p24s function as cargo receptors for secretory and membrane proteins, selecting appropriate cargo for specific subtypes of transport vesicles (Stamnes et al., 1995) . However, few potential cargo molecules have been identified (Carney and Bowen, 2004; , and only one has been cross-linked to p24s to confirm the association (Muñ iz et al., 2000) . p24s have been postulated to have general functions in regulating dynamics and composition of ER membranes (Emery et al., 2003) as well as in facilitating vesicle formation and quality control during ER export (Elrod-Erickson and Kaiser, 1996) . Consistent with a role for p24s in ER-Golgi trafficking, Drosophila and yeast p24 mutants activate an ER stress response that may offset a defect in ER quality control or protein folding (Belden and Barlowe, 1996; Boltz and Carney, 2008) . p24s are known to have required functions only in a few instances. The slime mold Polysphondylium pallidum requires p24 activity for fruiting body formation (Kawabe et al., 1999) , and deletion of mouse p23d causes embryonic lethality (Denzel et al., 2000) . In Drosophila, the loj, eca and bai genes are required for female reproduction (Bartoszewski et al., 2004; Carney and Taylor, 2003) . p23/TMP21 (a mammalian p24d) negatively regulates trafficking and processing of beta-amyloid proteins associated with Alzheimer's disease (Vetrivel et al., 2008 (Vetrivel et al., , 2007 . In contrast, deletion of one or more yeast p24 genes affects anterograde transport of some cargoes with little phenotypic effect (Schimmö ller et al., 1995; Stamnes et al., 1995) . Indeed, S. cerevisiae lacking all 8 of their p24 genes are viable (Springer et al., 2000) as are certain Caenorhabditis elegans p24 mutants (Wen and Greenwald, 1999) .
To better understand the functions of these molecules, it is necessary to identify a multicellular in vivo model system so that p24 proteins can be studied in developmental as well as tissue-and cell-specific contexts. Several elegant studies using Xenopus have provided important insights into celltype-specific p24 functions and interactions (Strating et al., 2011 (Strating et al., , 2007 , but they are limited by the fact that Xenopus is not amenable to mutant analysis. However, D. melanogaster genetic approaches can be used to explore spatial and tissue specific p24 expression patterns and functions. In this effort, we generated antisera specific to individual p24s and determined the adult protein expression profiles of various members of the p24 family, focusing on neural and reproductive tissue expression. We also used RNA interference (RNAi) to reduce p24 expression during development or adulthood in males and females. Our results indicate a requirement for most p24s during development as well as in female and male reproduction and further implicate p24 neural expression in mediating female fecundity.
Results

p24 protein expression
Drosophila p24 transcripts show a variety of spatial, temporal and tissue-specific expression patterns and are expressed throughout development and in adults (Boltz et al., 2007; Chintapalli et al., 2007; Celniker et al., 2009) . In order to examine protein expression patterns of various p24s, antisera targeting specific members of the Drosophila p24 family were generated (see Section 4.3). Each of the antisera detected proteins in the expected molecular weight range of $23-28 kD on Western blots (Supplementary Fig. 1 ). To confirm that new antisera detected their respective proteins, we compared p24 expression in control animals to expression in mutants that lack the gene product of interest or in animals that ectopically express the gene product.
ECA, BAI and p24-1 proteins were detected in control tissues (Fig. 1A, C , and E), but expression was eliminated in gene-specific mutants (Fig. 1B, D , and F). Although CG9308 protein was not detected in wild-type developing eggs (Fig. 1G ) that express other p24s (Table 1) , we detected protein when CG9308 was ectopically expressed in eggs via the GAL4/ UAS system (Fig. 1H ). An antibody that specifically recognizes the LOJ protein was described previously (Boltz et al., 2007) .
Mutations in loj, eca or bai result in females that are unable to oviposit (Bartoszewski et al., 2004; Carney and Taylor, 2003) . We also found that eca and bai males have reduced fertility. Few or no progeny were produced by matings of eca or bai mutant males to wild-type females (data not shown). Since we were primarily interested in these adult reproductive phenotypes, we determined the adult protein expression profiles for representative members from each of the four p24 subfamilies; tissue-and sex-specific protein expression was examined for six of the nine Drosophila p24s (Table 1 and Supplementary Fig. 2 ). Many Drosophila p24 proteins examined were expressed in both male and female central nervous system (CNS) and reproductive tissues (Table 1 and Supplementary Fig. 2) in the punctate cytoplasmic pattern characteristic of vesicle membrane proteins (Fig. 1) . Generally, the p24s were present in the cytoplasm of cells throughout the tissues examined ( Fig. 1 and Supplementary Fig. 2) . However, within a tissue there sometimes existed sub-populations of cells that Fig. 1 -p24 antisera targeted their specific proteins. ECA was expressed in the adult Canton-S female brain (A) but was not detected in eca,cu,sr,e/Df(3R)GB104, red mutant brains (B). BAI was expressed in Canton-S adult female spermathecae (arrows) and female fat body (arrow head) (C) but was absent in bai d09741 /bai,cu,sr,e mutants (D). p24-1 was expressed in wild-type male testes (E) but was reduced when p24-1 expression was decreased in w; tub-Gal80 ts /+; UAS-p24-1 KK100594 /act-Gal4 males at the non-permissive temperature (F). Insets on top right of panels E and F focus on single-cell expression. Control eggs did not express CG9308 (G) but overexpression of CG9308 in eggs was detected using anti-CG9308 (H). appeared higher expressing. For example, LOJ, ECA, and BAI were expressed throughout the brain, but there were prominent, large cells in the central brain that had higher LOJ or ECA levels than surrounding cells ( Fig. 1 and Boltz et al., 2007) ; BAI expression was more pronounced in the optic lobe region of the brain (data not shown).The p24-2 pattern differed from the classic punctate pattern that is distributed throughout the cytoplasm ( Supplementary Fig. 2 ), suggesting that p24-2 has a different sub-cellular localization as a consequence of the extended cytoplasmic domain present only in this p24.
p24 proteins function during development
p24 transcripts are expressed throughout development, so we assessed the effects of reducing p24 levels in intact animals. P-element or chemically-induced mutant alleles are available that dramatically reduce or fully eliminate loj, eca, or bai function (Bartoszewski et al., 2004; Carney and Taylor, 2003) . loj mutants are viable, although fewer than expected mutants reach adulthood. Similarly, we are able to obtain a small number of eca mutants, but find that only $10% survive to adulthood. On the other hand, we seldom obtain viable bai adults using the original alleles described by Bartoszewski et al. (2004) but were able to get a small number ($0.1% of expected) using a less severe mutant combination (bai cu sr e/ bai d09741 ). loj mutants with a single copy of eca or bai did not reach adulthood nor do eca mutants with a single copy of loj or bai (data not shown). Although loj and eca are not individually required for adult viability, reducing the other gene's activity caused lethality prior to adulthood. Therefore, the loci are not fully redundant for some developmental functions.
To assess possible developmental roles of p24s for which gene-specific mutations are not available, we used the GAL4/UAS system (Brand and Perrimon, 1993) to decrease p24 expression through RNAi by means of a ubiquitously expressed actin-Gal4 driver (see Section 4.5). To ensure phenotypes were due to reduction of the desired gene, independent RNAi alleles were used to target most p24s (Supplementary Table 1 ), and data from the strongest alleles are presented in Table 2 . Globally reducing individual p24s caused developmental lethality in the case of CG9053, CHOp24, eca, bai, or p24-1 (Table 2 and Supplementary Table 1 ). For eca, this lethality was nearly complete since a single adult eclosed. Therefore, the eca and bai RNAi alleles phenocopy their respective mutant phenotypes. The independent RNAi alleles used to reduce p24-1 expression gave slightly different results. p24-1 GD12196 produced a more severe developmental phenotype , and this trend continued throughout the use of these strains. Partial developmental lethality occurred when p24-2 or CG9308 levels were reduced. However, decreasing the male-specifically expressed CG31787 transcript did not affect viability, although the males had reduced fertility (Table 2 and data not shown). Therefore, activity of most Drosophila p24 genes is required during development.
p24 proteins function in reproduction
Females mutant for loj, eca or bai suffer from an oviposition defect, as they produce eggs but are unable to lay them (Bartoszewski et al., 2004; Carney and Taylor, 2003) . Insect oviposition is a multi-step process. Mature eggs are produced in the ovaries, are ovulated and travel through the lateral oviduct to the common oviduct, are fertilized, and are moved to the uterus from which they are deposited. Therefore, we wanted to identify the specific step(s) of the oviposition process affected by reduced p24 activity. To do so, we examined reproductive tracts from loj and eca mutant females that had been mated to wild-type males (see Section 4.8). loj and eca mutants ovulated and moved eggs through the oviduct, but eggs were not laid. We found that 85% percent of loj mutant females and 55% of eca mutants had an egg lodged in the uterus. Mutant females lacking eggs in the uterus had ovulated, so their eggs were present in the oviduct. In contrast, only 35% of loj/+ control females and 8% of eca/+ controls had an egg in the uterus when the dissections were performed, and all of these females already had laid many eggs. The results indicate that loj and eca mutants are capable of ovulating and moving eggs through the reproductive tract to the uterus. Therefore, the predominant block in oviposition is an inability of mutants to deposit eggs from the uterus.
To determine if other members of the p24 family also function in reproduction, we used RNAi to reduce p24 levels posteclosion by incorporating the temperature sensitive GAL80 ts , which inhibits GAL4 activity and prevents RNAi activation at low temperatures. Activation of p24 RNAi specifically in adults allowed all flies to develop normally, since p24 expression levels were not perturbed prior to eclosion. Independent p24 RNAi strains were utilized to target most genes, and similar results were obtained repeatedly (Supplementary Table 2 ). Therefore, data from RNAi strains producing the strongest phenotypes are presented in Table 3 .
RNAi and control females were tested for egg laying and fertility by mating them to wild-type males, followed by counting the numbers of eggs laid and subsequent adult progeny produced by each female. Egg laying was not affected when p24-2 or CG9308 was reduced in females (Table 3 and  Supplementary Table 2) . These results are consistent with the observation that p24-2 and CG9308 transcript levels are low in adult females (Boltz et al., 2007; Chintapalli et al., 2007; Celniker et al., 2009; Graveley et al., 2011) . However, reducing levels of CG9053, p24-1, eca, bai or CHOp24 in adult females decreased egg laying (Table 3 and Supplementary Table 2). Most eggs laid by p24 RNAi females showed physical abnormalities such as truncated dorsal appendages and a shorter, fatter shape. We observed similar defects in the few eggs that were laid by eca or bai mutant females (data not shown). Despite these abnormalities, eggs from experimental females hatched and produced adults, and the viability of the eggs laid by these females did not differ from that of controls. Therefore, females with reduced expression of CG9053, p24-1, eca, bai, or CHOp24 had decreased fecundity (egg laying) compared to controls, although fertility was not affected.
The effect of adult p24 reduction on male fertility was also measured since eca and bai mutant males produced very few offspring (data not shown), and most p24 proteins were expressed in male reproductive tissues (Table 1, Fig. 1 and Supplementary Fig. 2 ). Males with reduced p24-1, p24-2, eca, CG9053, or bai had lower fertility when compared to their respective controls (Fig. 2) . Surprisingly, CHOp24 reduction, which decreased female fecundity, did not affect male fertility. Reducing CG9308 did not affect male fertility either ( Fig. 2) , making CG9308 the only p24 that is not required for male or female reproduction.
Work in other model systems has shown that decreasing expression of one p24 can reduce levels of other p24 proteins (Belden and Barlowe, 1996; Marzioch et al., 1999; Denzel et al., 2000; Vetrivel et al., 2007) , possibly by disrupting multimeric protein complexes. Therefore, one possible explanation for the observed effects on fecundity or fertility of reducing individual p24s is that the observed phenotype is a consequence of reduced expression of another p24 that directly affects these processes.
We immunostained loj or eca mutants with antisera specifically targeting other subfamily members to determine if loss of LOJ or ECA affected the presence of these p24s. loj mutant adults do not have detectable LOJ expression (Boltz et al., 2007 ), but we detected ECA, BAI and p24-1 in loj mutants ( Fig. 3B and F and data not shown) . Similarly, eca mutants did not express detectable ECA (Fig. 1B) but expressed LOJ, Table 3 -Adult-specific reduction of female p24 expression decreased fecundity. Decreasing adult p24 levels led to reduced egg laying except with p24-2 or CG9308 RNAi. The average number of eggs laid per day per female is indicated. Numbers of females tested are in parentheses. Gal80ts was used to prevent RNAi expression prior to eclosion. ANOVA was conducted to determine genotypes that differed significantly. * p 6 0.05; ** p 6 0.01.
Subfamily
RNAi act-Gal4/UAS-p24RNAi UAS-p24RNAi act-Gal4 BAI and p24-1 (Fig. 3C and D and data not shown). In each case the expression was present in all tissues that normally express the protein, and the levels appeared qualitatively similar to those observed in control genotypes ( Fig. 3 and data not shown). Together, the results suggest that expression of these p24 proteins is not markedly affected in the loj or eca mutant genotypes and that the observed fecundity and fertility defects can be attributed to key post-developmental roles of individual p24s in reproduction.
Neural p24 expression is important for egg laying
Although loj is expressed in many tissues, including the CNS and eggs, prior work in our lab established neural loj expression as a major factor regulating female oviposition (Boltz et al., 2007) . Adult loj expression in the loj mutant rescues oviposition whereas larval neural expression does not (Boltz et al., 2007; Carney and Taylor, 2003) . The Cy2-Gal4 (Queenan et al., 1997) (Supplementary Fig. 3 ) and SG18.1-Gal4 (Shyamala and Chopra, 1999) neural drivers used to express loj and rescue the oviposition defect are active in many cells in the CNS, including abdominal ganglion neurons in the vicinity of the octopaminergic and ILP7-producing cells previously shown to regulate egg laying (Cole et al., 2005; Monastirioti et al., 1996 Monastirioti et al., , 2003 Rodriguez-Valentin et al., 2006; Yang et al., 2008) . Cy2-Gal4 also expresses in developing eggs, but loj expression in the eggs of loj mutants is not sufficient to restore egg laying (Boltz et al., 2007) .
Since mutants for loj, eca or bai fail to oviposit (Bartoszewski et al., 2004; Carney and Taylor, 2003) and all three gene products are present in the CNS (Table 1; Boltz et al., 2007) , we hypothesized that these three p24s function in the same cells to regulate oviposition. Bartoszewski et al. (2004) reported that eca mutant egg laying is restored by expressing eca in Cy2 cells but did not indicate the extent of rescue. Since their UASeca and UAS-bai strains are no longer available, we asked if the eca and bai egg-laying defects could be rescued by expressing our newly created UASp-eca and UASp-bai transgenes in Cy2 cells in their respective mutant genetic backgrounds. We found that eca cu sr e/Df(3R)GB104, red females expressing UASp-eca under control of Cy2-Gal4 laid an average of 8 eggs per day compared to zero eggs laid by eca mutants containing either UASp-eca or Cy2-Gal4 transgenes (Fig. 4) . Therefore, eca expression in Cy2 cells restored egg laying to a similar degree as UAS-loj expression in loj mutants (Boltz et al., 2007) .
Efforts to rescue bai mutants were not successful; expression of UASp-bai in Cy2 cells did not overcome bai mutant lethality, so no adults were obtained for testing. However, when we expressed UASp-bai throughout development using the ubiquitously expressed actin-Gal4, rescued females were able to lay eggs (data not shown). Although this result does not help us determine which bai-expressing cells regulate oviposition, it does indicate that the new UASp-bai construct can rescue lethality.
Since loj (p24c) and eca (p24a) expression in Cy2 cells restores oviposition, we asked if p24s from the remaining two subfamilies function in the Cy2 circuit to regulate egg laying. Because the bai rescue experiment did not allow us to determine if BAI (p24d) functions in Cy2 cells, and mutants in the two p24b genes (CHOp24 and CG9308) are not available, we used RNAi to reduce p24b or p24d expression in Cy2 cells and tested for effects on fecundity. Females with decreased CHOp24 laid significantly fewer eggs than controls. A similar effect was not detected in females when levels of CG9308 or bai were reduced in Cy2 cells (data not shown). Therefore, expression of loj, eca, and CHOp24 in Cy2 cells is important for oviposition. Our results did not indicate an oviposition function for bai in these same cells, but additional experiments are required to eliminate this possibility.
LOJ expression in octopaminergic neurons rescues oviposition
Next we wanted to narrow down the specific cells important for LOJ-mediated oviposition. A subset of octopaminergic neurons localized to the abdominal ganglion of the ventral nerve cord (VNC) were primary candidate cells since neural projections emanating from this region directly innervate the oviduct muscles (Monastirioti, 2003) and these octopaminergic neurons are in the vicinity of a subset of Cy2 cells in the VNC. A failure in LOJ-or ECA-mediated signaling to oviduct or uterine muscles may account for the block in oviposition. LOJ expression in the VNC overlaps with octopamine-producing neurons ( Supplementary Fig. 4 ). To determine if loj or eca expression in octopaminergic neurons can rescue egg deposition, we expressed loj or eca in these cells in mutant females and counted the numbers of eggs laid. Significant rescue was observed when loj was expressed in loj mutant females using either of two octopaminergic drivers, ptc-Gal4 or c164-Gal4 (Fig. 5 and data not shown) . Expression of UASp-eca using c164-Gal4 did not restore egg laying in eca mutant females. Therefore, loj (but not eca) expression in octopaminergic cells rescued the loj mutant oviposition defect. ANOVA was conducted to determine significant differences among the genotypes. *** p < 0.001.
Other p24s involved in egg laying could function in octopamine-producing cells. To test this possibility, we used ptc-Gal4 or c164-Gal4 to express p24 RNAi targeting CG9053, bai, or CHOp24 and measured the effects on egg laying. Decreasing expression of these p24s in octopaminergic cells did not reduce female fecundity (data not shown), indicating that the remaining p24s may function in a different subset of cells than loj to mediate their effects on oviposition.
Since we showed that octopaminergic neurons require loj expression for egg laying and octopamine is a key regulator of this process, we considered octopamine to be a candidate Drosophila p24 cargo molecule. If p24-mediated vesicle transport is required for octopamine secretion, we expected that feeding mutants octopamine would rescue egg laying. A similar strategy was used to override defects in the octopamine synthesis pathway and restore egg laying to mutants (Cole et al., 2005; Monastirioti et al., 1996) . To test our hypothesis that octopamine secretion is disrupted in p24 mutants, we fed octopamine to loj or eca mutant females to determine if octopamine supplement could overcome the egg deposition defects (see Section 4.9). Neither loj nor eca mutants were able to lay eggs when fed octopamine. Glutamate, another neurotransmitter that modulates egg laying in insects (RodriguezValentin et al., 2006) , was also a potential cargo molecule. However, eca and loj mutants also were unable to lay eggs when fed glutamate. Control females fed either molecule continued to lay eggs and appeared unaffected by the treatment. These results indicate that the egg-laying defects in loj and eca mutants probably are not due to failure of octopamine or glutamate release.
2.6.
Expression of loj in peptidergic neurons rescues the loj oviposition defect Both LOJ and ECA are cytoplasmically expressed in cells throughout the brain, but expression is most prominent in large cells within the central brain ( Fig. 1A, arrows; Fig. 6 and Boltz et al., 2007) . The location and size of the p24-expressing cells led us to speculate that they were neuropetidergic cells and that neuropeptide release from these cells might play a role in egg laying. Co-immunostaining data show that both LOJ and ECA are expressed in peptidergic neurons in the CNS, specifically in the OL1 and OL2 neurons (O'Brien et al., 1991) (Fig. 6) . To test if expression of loj is required in peptidergic neurons for egg laying, we expressed loj under the control of the neuropeptidergic driver c929-Gal4 in loj mutants. Egg laying was significantly rescued when loj was expressed in peptidergic neurons (Fig. 7) , implicating these neurons in control of oviposition.
Discussion
p24s function during development
p24 protein family members have been studied for over a decade in a variety of model systems. Tremendous progress has been made in understanding functional requirements for p24s in individual cells, but less is known about how loss of p24 protein activity affects multicellular organisms. Removing or reducing p24 expression in single cells, such as in yeast or in mammalian tissue culture, has minor phenotypic consequences (Schimmö ller et al., 1995; Springer et al., 2000; Stamnes et al., 1995; Takida et al., 2008) . Although p24 proteins are expressed in a variety of animal tissues (Boltz et al., 2007; Vetrivel et al., 2008) , few genetic studies have tested their functions in intact animals. One study in mice indicates that loss of p24d1 results in embryonic lethality and also causes reduced levels of other p24 family members (Denzel et al., 2000) , and specific Drosophila p24s such as eca and bai are required for oviposition as well as embryonic development (Bartoszewski et al., 2004; Carney and Taylor, 2003) . Elegant transgenic studies in Xenopus indicate that p24 family members differentially impact secretory protein trafficking and that members of a particular subfamily are functionally non-redundant (Strating et al., 2011 (Strating et al., 2007 . Although Xenopus is a valuable vertebrate model for p24 functional studies, it is not amenable to genetic strategies for reducing expression. In contrast, D. melanogaster is an ideal genetic system for evaluating the phenotypic consequences of decreased p24 function at the level of the whole animal or in individual tissues.
Our current study in D. melanogaster provides the first genetic characterization of all p24 members in a multicellular animal. Consistent with their expression throughout development (Boltz et al., 2007) , many Drosophila p24s are needed for adult viability (Table 2 and Supplementary Table 1) . A small number of Drosophila eca mutants survive to adulthood, and ubiquitous activation of eca RNAi during development caused nearly complete lethality, with a few escapers ( Table 2 and  Supplementary Table 1 ). In both cases (RNAi and mutant), eca reduction gives $10% adult survival, so the results from the two strategies are similar. Even though we did not detect ECA protein in adult eca mutants (Fig. 1B) , there may be residual ECA that allows some adult survival. Many loj mutants survive to adulthood but do not eclose in the expected Mendelian ratio, and reducing p24-2 or CG9308 caused high lethality. In contrast, CG31787 is the only gene that may be dispensable for development since we did not find a significant difference among RNAi and control groups in the numbers of eclosing adults (Table 2) , although male fertility was decreased. This experimental design does not allow us to determine the time point during development that the p24s are first required. However, given the high-level expression of most p24s during embryonic stages (Celniker et al., 2009; Chintapalli et al., 2007; Graveley et al., 2011) , it is likely that p24 function is required during the earliest phases of development.
p24 proteins are components of the COPI and COPII transport vesicles that are important for maturation of a variety of cellular cargo molecules, so it is not surprising that elimination of p24s would have detrimental effects during development. Aberrations in any aspect of the secretory pathway that prevent proper coupling, fine tuning or folding of the cargo can have detrimental effects on the organism. Indeed, mutations affecting aspects of vesicle transport cause a variety of human neurological disorders such as Mucolipidosis type I (Bassi et al., 2000) or Maroteaux Lamy syndrome (Bradford et al., 2002), and skeletal deformities such as Multiple exostoses syndrome (Quilty and Reithmeier, 2000) . Several studies show that changes in mammalian p24 expression are correlated with disease, but no direct link has been established thus far (reviewed by ).
3.2.
Effects of p24s on male and female reproduction
Previously characterized mutants in loj, eca, or bai are unable to oviposit (Bartoszewski et al., 2004; Carney and Taylor, 2003) , and eca and bai males are sterile. We next asked whether other p24 genes also function in reproduction by assaying the effect of adult-specific p24 reduction on fecundity and fertility. RNAi data indicate that three p24s (p24-2, CG9308, CG31787) may not have required functions in egg laying (Table 3 and Supplementary Table 2 ), whereas two p24s may be dispensable for male fertility (Fig. 2) . Our results indicate that every p24 except CG9308 functions in some aspect of reproduction ( Table 4 ), but that individual p24s vary in their effects on these traits.
Defects in female fecundity were rescued in eca and loj mutants when the respective gene products were expressed using Cy2-Gal4 (Fig. 4 and Boltz et al., 2007) . Interestingly, egg-laying rescue in eca mutants was not followed by a fertility rescue. Eggs laid by the rescued females were not viable and did not result in adult progeny. Even though eca expression in Cy2-expressing cells was sufficient to rescue the egglaying defect, it was insufficient for rescuing developmental lethality. eca transcripts are maternally provided to the developing embryo before embryonic transcription begins, so it is possible that the inability of Cy2-driven expression of eca to restore fertility is due to a lack of maternally provided eca transcripts to embryos.
3.3.
Expansion of p24 subfamilies allows specialization
Although most p24s are required for development and reproduction (Tables 2 and 3 and Fig. 2) , we also identified subfamily-specific effects. For example, our results do not indicate a role for either b member in regulating male fertility. CG9308 does not appear to function in reproduction in either sex, although the other p24b, CHOp24, is needed for female egg laying. One member from each from the a, b and c subfamilies (p24-2, CG9308 and CG31787, respectively) does not function in female fecundity (Table 4), suggesting that as each subfamily underwent expansion these three p24s acquired novel roles.
We also observed specialization within the a and c subfamilies. The Drosophila c family, comprised of four genes, contains more members than other subfamilies (Carney and Bowen, 2004) . Expansion within this group has allowed p24s to acquire sex-specific functions such as for CG31787, which is exclusively expressed in males (Boltz et al., 2007) and is needed for male fertility (data not shown). Similarly, within a subfamily, Xenopus p24s function non-redundantly and have different roles in peptide maturation and processing Starting et al., 2011) .
ECA and p24-2 are a subfamily members, but reducing expression of each gene has different phenotypic consequences. eca mutants are poorly viable, females are unable Fig. 7 -Egg laying is rescued by expressing loj in peptidergic neurons. Numbers of animals tested are indicated in brackets. ANOVA was conducted to determine significant differences among the genotypes. *** p < 0.001.
to oviposit, and males have reduced fertility (Tables 2 and 3 and Fig. 2) . In contrast, reducing levels of p24-2 affects male fertility but not female fecundity (Table 3 and Fig. 2 ). The phenotypic discrepancy may be explained by variation in protein structure. The two proteins differ in their predicted cytoplasmic domains (Boltz et al., 2007) . The predicted p24-2 protein lacks the conserved di-hydrophobic motif (typically FF) found in ECA and other p24 proteins (Carney and Bowen, 2004) . The paired phenylalanine residues located near the p24 carboxyl termini are ER export signals and also aid in the formation of the COPII coat complex Kuehn et al., 1998) . ECA and p24-2 also have different sub-cellular localization patterns, possibly as a consequence of the differences in their carboxyl termini. Similarly to LOJ and other p24s, ECA is present in small vesicles dispersed throughout the cytoplasm whereas p24-2 does not have a similar punctate vesicle staining pattern. Since p24-2 lacks the conserved phenylalanine residues and has a different sub-cellular localization, there may be an alternate export mechanism and function for this particular p24.
3.4.
Mechanisms for p24 function in fecundity Different subfamily members are often co-expressed, suggesting that these proteins may form heteromeric complexes comprised of one member from each subfamily (Fü llekrug et al., 1999; Marzioch et al., 1999) . Alternatively, p24s could function as monomers, or p24s that are co-expressed may function as homo-or heterodimers (Jenne et al., 2002) . Thus, monomers or dimers expressed in the same cell type could contribute differentially to the same process, possibly in a subcompartment-specific fashion. However, co-expression is not necessary for different p24s to regulate the same process. If p24s are not co-expressed, they may act in different cells, either through separate signaling pathways or in the same pathway, to regulate a particular process.
Since our work indicates that at least six of the Drosophila p24s impact egg laying, we used this behavior to examine potential mechanisms of p24 function. Should the p24 functional unit for Drosophila egg laying be a heterotetramer consisting of one member from each subfamily, then ECA, LOJ, BAI and CHOp24 are the most likely candidates to exist in a functional complex. Expression of eca, loj, or CHOp24 in Cy2 cells is important for oviposition (Fig. 4) . CHOp24 reduction in Cy2-expressing cells caused an egg deposition defect, and eca or loj expression in Cy2 cells in their respective mutant backgrounds restored egg laying. In contrast, neither CG9308 nor p24-1 was required in Cy2 cells for fecundity. Although a requirement for BAI could not be confirmed in these same cells, it is the only Drosophila protein in the p24d subfamily.
Together these results link expression of a subset of p24s (loj, eca, and CHOp24) from three subfamilies to female fecundity. In each case, the reduced egg laying could be due to the reduction of a single p24 protein or the collapse of p24 complexes due to the absence of one its members. Immunostaining experiments showed that loj mutants do not have detectable LOJ expression (Boltz et al., 2007) but retain high ECA, BAI and p24-1 expression, and LOJ, BAI and p24-1 were present in eca mutants with no detectable ECA (Fig. 3 and data  not shown) . Therefore, loss of LOJ or ECA does not eliminate these other p24 proteins. ECA either does not interact directly with LOJ, or loss of LOJ protein from ECA/LOJ complexes has little effect on ECA stability. Western blot analyses indicate that our p24 antisera detect proteins of the expected molecular weight range ($23-28 kD; Supplemental Fig. 1) , and ideally we would use this technique to assess protein levels in p24 mutants. However, the antisera work poorly on blots, making it difficult to quantify the amount of various p24 proteins to determine how loss of particular p24s affects steady-state levels of other family members.
Expression of eca, loj, or CHOp24 in Cy2 cells is important for oviposition, but our current antibody reagents were all produced in rabbits and do not allow us to determine if the proteins are co-expressed in particular cells or within subcellular compartments (Table 1) . loj expression in a subset of Cy2 octopaminergic neurons rescues the loj oviposition defect (Fig. 4) , while similar expression of eca in an eca mutant background does not. This result indicates that the two molecules are more likely to function in different cells within the Cy2-expressing neural circuit than within the same cells. However, it is it interesting to note that there is some degree of functional redundancy among loj, eca and bai. Some loj and eca mutants survive to adulthood, but lethality occurs if another p24 (eca, loj or bai) is present in a single copy. Overexpression of LOJ rescues the egg deposition defect in eca mutants (data not shown), suggesting that LOJ is able to functionally compensate for ECA to some extent. This observation is interesting since we found that a c p24 (LOJ) compensates for an a member (ECA), contrary to previous findings which showed that only members within a subfamily were able to substitute for each other (Marzioch et al., 1999) . This functional substitution is not an attribute of all p24 proteins. Neither LOJ nor BAI compensated for each other when we overexpressed them ubiquitously in bai or loj mutants, respectively. Our results show that a functional compensatory mechanism exists and is specific to certain members of the p24 family or to particular molecular functions of family members.
A p24-expressing neuronal network regulates fecundity
One of the most striking observations from our work is that we have linked the function of specific p24 proteins to neural signaling, specifically in cells that are known to regulate Table 4 -p24s function in female fecundity and/or male fertility. (+) indicates an effect when gene activity is reduced. (-) indicates no effect from decreased p24 expression. (ND) not determined.
Subfamily
Gene Female Male
female oviposition. The monoamine octopamine, which is considered the invertebrate equivalent of epinephrine/norepinephrine, regulates egg laying in flies and other invertebrates (Chase and Koelle, 2007; Lange, 2009; Roeder, 1999 Roeder, , 2005 Roeder et al., 2003) . Mutants that do not make octopamine or the octopamine OAMB receptor do not ovulate eggs (Kutsukake et al., 2000; Lee et al., 2003; Monastirioti, 2003 Monastirioti et al., 1996 , while mutants that do not synthesize the octopamine precursor tyramine are able to ovulate, but few eggs reach the uterus (Cole et al., 2005) . Octopaminergic neurons in the abdominal ganglion of the VNC are needed for egg laying and regulate contraction of muscles surrounding the oviducts and uterus (Cole et al., 2005; Lee et al., 2003; Middleton et al., 2006; Monastirioti, 2003; Monastirioti et al., 1996; Rodriguez-Valentin et al., 2006) . Recent data support a model in which octopamine release induces ovarian contractions to release mature eggs from the ovaries and also relaxes oviduct muscles so the eggs can traverse the oviduct to the uterus (Middleton et al., 2006) . Other molecules regulating oviposition include the neurotransmitter glutamate and the neuropeptide proctolin which are involved in egg movement through the oviduct, acting antagonistically to octopamine (Rodriguez-Valentin et al., 2006) . Also, a group of insulin-like peptide 7 (ILP7)-expressing neurons in the abdominal ganglion is involved in choosing egg deposition sites (Yang et al., 2008) . Since reduced neural p24 expression decreased fecundity, we proposed that some p24 proteins may function in the octopamine circuit. LOJ-and ECA-expressing cells are present in the thoracic and abdominal ganglia of the VNC, an interesting observation since abdominal ganglion neurons regulate oviposition. Indeed, our rescue experiments link loj expression in octopaminergic VNC neurons to egg laying (Fig. 5) .
Because of this link and the proposed role of p24s in the secretory pathway, we predict that LOJ, ECA and CHOp24 function in trafficking a molecule in some or all of these cells that is required for transmitting or responding to an egg-laying signal. There are several candidate molecules, including octopamine and proctolin and the proteins that regulate their production, modification, neural release, re-uptake or degradation. Reduced trafficking of any of these molecules could negatively impact egg laying. Another possibility is that p24s traffic the octopamine or proctolin receptors, including the OAMB receptor. Interestingly, oamb transcripts are decreased in loj mutants (Boltz and Carney, 2008) , possibly due to negative feedback from trafficking defects. Although it is not known where OAMB is expressed in the VNC or if it is expressed in the uterus, a failure in octopamine/OAMB signaling may underlie the p24-related egg-laying defect. Given that loj mutant females fed octopamine or glutamate did not lay eggs, we favor one of two modes of function for loj and other p24s in oviposition. One possibility is that neurotransmitter re-uptake is affected in mutants so that the reproductive tissues become desensitized to signal. Another possibility is that p24 mutations affect the postsynaptic cells, rendering them incapable of reacting to the oviposition signal. Since we have not tested the ability of proctolin feeding to rescue egg-laying, it is still an open possibility that one or more p24s function in maturation and/or trafficking this neuropeptide.
LOJ expression in c929-expressing neurons also rescued the loj mutant egg-laying defect (Fig. 7) .The c929-Gal4 P-element disrupts the gene cryptocephal and lies $13 kb upstream of dim (Hewes et al., 2006) . c929-Gal4 drives expression in peptidergic cells, which are neurosecretory cells involved in production and secretion of neuropeptides. LOJ and ECA expression overlaps with numerous peptidergic neurons specifically the large OL1 and OL2 neurons (O'Brien et al., 1991) (Fig. 6) . Since p24 proteins are postulated to work as cargo receptors, an intriguing possibility is that proper functioning of loj might be required for vesicular transport of neuropeptides in these peptidergic neurons. However, the neuropeptides secreted by the c929 cells in adults are not known, making the link between these cells and their function in oviposition an open question.
Future directions
Despite over a decade of work investigating p24 proteins, the functions of this group of proteins remain elusive. Improved understanding of the molecular relationship among p24 proteins, transport vesicles and cargo molecules is still required. Here we have identified roles for p24 proteins in Drosophila development and reproduction, indicating that they have pleiotropic functions. Although our data suggest that not all p24s are required for development or reproduction in each sex, it is possible that even the strongest RNAi alleles we tested did not reduce gene activity enough to affect function. Therefore, gene-specific null mutations for each p24 need to be created and evaluated for their developmental and tissue-specific effects to resolve this issue.
Our work supports a model in which subfamily members in different sets of cells mediate complex phenotypes such as egg laying and fertility. However, definitive proof requires new p24-specific antisera that can be used in co-immunostaining experiments. These studies and other molecular analyses to assess potential physical interactions among p24s will uncover the specific cellular functions and signaling pathways regulated by these proteins. allele was obtained from the Exelixis Collection at Harvard Medical School. Gal4-expressing lines c164-Gal4, ptc-Gal4 (Monastirioti, 2003) , and Cy2-Gal4 (Queenan et al., 1997) were generously provided by Maria Monastirioti and Trudi Schupbach. c929-Gal4 was provided by Randy Hewes. UAS-GFPmCD8 or UAS-GFP-nls were used to determine expression pattern of various drivers.
4.2.
Cloning of pUASp-p24 rescue constructs
The following clones containing cDNA inserts for p24 genes were obtained from the Drosophila Genomics Resource Center and verified by sequencing: eca (LD23959), bai (RE5241), and CG9308 (IP11573). The inserts were excised by restriction digestion, gel purified, and cloned into the pUASp expression vector. Clones containing the proper insert were determined by restriction digestion, verified by sequencing, and injected by Duke University Model System Genomics into w1118 embryos for germline transformation. Multiple independent UASp-p24 strains were established and tested for each family member. UAS-loj rescue strains were reported previously (Boltz et al., 2007) .
Antibody production and confirmation
We used unique p24 protein regions to generate peptide antisera specific to the ECA, BAI, p24-1, p24-2, or CG9308 proteins. Regions chosen for peptide production are indicated from amino to carboxyl terminus, are unique to each protein, and are not present in other Drosophila proteins: ECA (HLKSFFEAKKLV), BAI (LRRYFKAKKLIE), p24-1 (FFTDRKPSQAHYGRL), p24-2 (ALGLINDKINGLPDP), and CG9308 (RVDDVIEQATVQ). The peptide sequence selected for p24-2 is in the extended C-terminal cytoplasmic region that distinguishes p24-2 from other family members (Boltz et al., 2007) . Peptides were injected into New Zealand White Rabbits by Sigma Genosys using their standard 77 day protocol. Sera from the final bleeds were affinity purified with the Sulfolink Immunomoblization Kit (Thermo Scientific) and eluted in PBS.
The ability of each antiserum to detect its target protein was determined by comparing immunostaining patterns in control and mutant genotypes and by Western blot analysis performed as described previously (Boltz et al., 2007) . BAI, p24-1, p24-2, CG9308 and ECA were detected at the expected molecular weight of approximately 24kD using their respective antibodies.
Anti-ECA immunostaining was performed by comparing ECA-expressing controls to heterozygous eca cu sr e/ Df(3R)GB104, red mutants; BAI expression was compared between control and bai d09741 /bai cu sr e genotypes. For antip24-1 we compared expression in w; tub-Gal80 ts /+; UAS-p24-1 KK100594 /act-Gal4 (at non-permissive temperature, which reduced p24-1) and control males. Expression of CG9308 was compared between control and Cy2-Gal4/UASp-CG9308 females. In this case Cy2-Gal4 allows CG9308 to be expressed in developing eggs, which is a tissue where there is no detectable mRNA (Boltz et al., 2007) or protein expression (Fig. 1) in control animals. A LOJ peptide antiserum and its specificity for LOJ were reported previously (Boltz et al., 2007) . Although peptide antisera were generated for the remaining p24s, we were not able to detect a signal or to confirm specificity.
Immunostaining
Canton-S tissues were dissected in phosphate buffered saline (PBS) and incubated with peptide antisera specific to individual p24 proteins. Tissues were fixed in 4% paraformaldehyde for 20 min at room temperature followed by 4 washes in PBS + 0.1% TritonX-100 (PBST) and blocked for 30-60 min in 5-10% normal goat serum. Tissues were incubated over night at room temperature with mouse anti-GFP (1:100) anti-p24-2 (1:400 dilution), anti-ECA (1:100), anti-p24-1 (1:1000), anti-LOJ (1:5000), anti-CG9308 (1:12) or anti-BAI (1:5). The next day tissues were washed 4 times in PBST followed by 1 h incubation at room temperature in a 1:500 dilution of Alexa Fluor goat anti-rabbit 594 or Alexa Flour goat anti-mouse 488 secondary antibody (Molecular Probes). Tissues were washed 4 times in PBST and then mounted in Prolong antifade reagent (Molecular Probes). Staining patterns were viewed and images were captured with a Zeiss Axio Imager Z1 fluorescent microscope.
4.5.
Ubiquitous p24 RNAi yw;; act-Gal4/TM6B, Tb flies were crossed to UAS-p24 RNAi animals to activate RNAi in all tissues throughout development. The number and type of progeny were determined for each set of crosses. Crosses and assays were carried out at 29°C, and similar numbers of experimental and control flies were expected in each case.
In most cases, particularly those for which we do not have gene-specific mutations for comparison, we tested multiple RNAi alleles that are not fully overlapping in the targeted region. These RNAi alleles were designed so that off-target hits are not expected (Dietzl et al., 2007) . Furthermore, the RNAi targeting individual p24 genes are not likely to affect other p24 messages because of the low nucleotide sequence identity among p24s (Carney and Taylor, 2003; Carney and Bowen, 2004) . Also, the targeted regions do not share nucleotide identity.
Multiple RNAi alleles for CG9053 and CHOp24 resulted in complete lethality, although sibling control animals were obtained from the crosses. CG9308 GD6605 or CG9308 GD6606 each caused partial developmental lethality, with CG9308
GD6605
giving consistently stronger phenotypes in all of our assays. p24-1 GD12196 also produced slightly stronger phenotypes than p24-1
KK100594
. The small phenotypic differences between RNAi alleles targeting the same p24 are likely attributable to differing degrees of RNAi activity. Therefore, subsequent experimental results are presented only for the RNAi alleles that produced the strongest effects although all existing alleles were tested in each case. We also used an act-Gal4 on the second chromosome and tubulin-Gal4 on the third to activate p24 RNAi. The results obtained with each of these drivers were similar to those obtained with the driver reported here.
4.6.
Adult-specific p24 RNAi
Adult-specific reduction of p24 expression was carried out by crossing w; tubulin-Gal80 ts ; actin-Gal4/TM6B, Tb flies to flies containing different UAS-p24 RNAi. Crosses were maintained at 20°C to prevent GAL4-mediated RNAi activation, and young (within 8-12 h of eclosion) adult progeny were moved to 29°C to activate GAL4/UAS-RNAi. Male and female progeny (experimental and sibling controls) were aged in same-sex groups at 29°C for 5 days for maximum p24 reduction. On the 6th day after eclosion, aged flies were crossed with Canton-S flies in a fertility assay. Individual male experimental or control flies were crossed with Canton-S female virgins aged 2-5 days, and individual female experimental or control flies were crossed with Canton-S males aged 2-5 days. Numbers of eggs laid by each female were counted at the same time each day during the 5 day fertility assay. The flies were transferred to fresh vials each day and eggs were counted in the previous day's vial. The number of adult progeny from each cross was tallied. Fertility was determined as a ratio of number of adults to number of eggs laid. A ratio of 1 suggested maximum fertility, whereas a ratio of 0 indicated no fertility. Significant differences in egg laying and fertility among genotypes were determined by ANOVA for each p24.
4.7.
Fecundity (egg-laying) rescue
Egg laying in loj or eca mutants was measured as described in section 4.6, but all experiments were performed at 25°C. Cy2-Gal4 was used to rescue egg laying in eca mutants (Df(3R)GB104/eca cu sr e). ptc-Gal4 or c929-Gal4 was used to rescue egg laying in loj mutants (loj 04026 /loj 00898 ).
4.8.
Tests of loj and eca oviposition defects /+ (N = 20), eca cu sr e/Df(3R)GB014, red (N = 11) and eca cu sr e/+ or Df(3R)GB014, red/+ (N = 12) control females were collected, aged for 3 days at 25°C, and placed with two Canton-S males for mating. Twenty-four hours later genital tracts were dissected in PBS, the presence of sperm in the reproductive tract was confirmed, and the location and numbers of eggs in the ovaries and reproductive tract were determined. Due to the developmental lethality of bai mutations, we did not obtain sufficient numbers of bai females for similar tests.
4.9.
Octopamine and glutamate feeding Inactivated yeast paste containing octopamine, glutamate or both chemicals was produced as described previously (Cole et al., 2005) . Aged, individual virgin loj mutants (loj 00898 / loj 04026 ), eca mutants (eca cu sre/Df (3R)GB104,red) or sibling control females were placed with two Canton-S males on standard food containing yeast paste or yeast paste supplemented with octopamine, glutamate or both chemicals at concentrations ranging from 12.5 mg/ml to 100 mg/ml. Previous experiments showed that 10-25 mg/ml octopamine supplement is sufficient to rescue the oviposition defects of octopamine biosynthesis mutants (Cole et al., 2005; Monastirioti et al., 1996) . Since there are no reports of glutamate supplement in the literature, we tested a broad range of concentrations in our experiments. Blue food dye was added to the yeast paste to ensure that the food was being consumed. For 5 days, flies were transferred daily to new vials and eggs were counted.
Chemical supplement (food dye or neurotransmitter) did not negatively impact numbers of eggs laid by control females. Regardless of the amount of octopamine or glutamate used, mutant females did not lay eggs.
